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A  combined  experimental  and  theoretical  program  is  employed  to  address  the 
behavior  of  cracks  near  interfaces  with  an  emphasis  on  examining  the  relation 
between  the  T-stress  term  and  crack  path  stability.  Several  activities  exist  on  the 
theoretical  and  experimental  fronts;  examples  of  these  are  discussed  below. 

THEORETICAL  DEVELOPMENT 

Crack  Modeling  Efforts 

The  fracture  problem  illustrated  in  Figure  1  was  examined  with  the  boundary 
element  method.  Figure  2  shows  the  loading  boundary  conditions;  these  were 
chosen  so  that  experiments  could  be  performed.  Figures  3-8  illustrate  the  results. 
Details  are  reported  in  the  submitted  manuscript  (Influence  of  Auxetic  Particles  on 
Crack  Paths;  M.  M.  Adam,  J.  R.  Berger,  A.-V.  Phan  and  I.  Reimanis),  but  are  briefly 
described  here.  Crack  extension  can  be  dramatically  different  near  an  auxetic 
particle  when  compared  to  extension  behavior  near  a  non-auxetic  particle.  For 
values  of  Ep/Em  =2, 4,  it  was  shown  that  the  crack  was  attracted  to  the  particle  when 
Vp/vm  =  -1,  yet  when  vp/vm  =  1,  the  crack  is  deflected  away  from  the  particle.  It  was 
also  found  that  when  Ep/Em  =  8, 16,  the  crack  was  deflected  away  from  the  particle 
when  vp/vm  =  ±1.  This  suggests  that  there  may  be  strategies  to  pin  extending 
matrix  cracks  by  employing  auxetic  particles  that  tend  to  attract  the  crack.  It  was 
found  that  a  soft  particle  (Ep/Em  =  0.5)  will  attract  the  crack  when  vp/vm  =  ±1,  but  if 
the  particle  is  hard,  (Ep/Em  =  16),  the  crack  is  only  attracted  when  vp/vm  =  -1. 


Figure  1.  Crack  approaching  a  particle. 


Figure  2.  Crack  path  results  when  the  particle  Poission's  ratio  is  negative,  for  the  same  values  of 
Young's  modulus  ratio  as  in  Figure  1.  See  Table  2  for  corresponding  values. 


Figure  3.  Comparison  of  results  with  Williams,  et  al.  (2007]  for  non-auxetic  particle-crack 
interaction,  vp/vm  =  1-  Note  that  the  horizontal  scale  is  expanded  to  emphasize  the  crack  path. 


Figure  4.  Crack  extension  near  an  auxetic  particle,  vp/vm  =  -1. 


Figure  5.  Normalized  mode  II  stress  intensity  factor  as  a  function  of  crack-tip  position  for  Ep/Em  =  2, 

Vp/Vm  =  — 1 ■ 


Figure  6.  Normalized  mode  I  stress  intensity  factor  as  a  function  of  crack  tip  position  Ep/Em  =  8, 
Vp/Vm  =  ±1 


Figure  7.  Normalized  mode  II  stress  intensity  factor  as  a  function  of  crack  tip  position  Ep/Em  =  8, 
Vp/Vm  =  ±1. 
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Figure  8.  Crack  extension  near  a  particle,  for  vp/vm  =  ±1,  and  Ep/Em  =  0.5,  Ep/Em  =  2. 


EXPERIMENTAL  WORK 


Materials  Fabrication 

The  effort  to  fabricate  plates  of  transparent  spinel  in  order  to  make  layered 
transparent  materials  was  continued,  and  progress  on  better  understanding  the 
sintering  mechanisms  for  spinel  was  made.  The  motivation  is  to  have  control  over 
sintering  ultimately  so  that  residual  stress  may  be  tailored  for  making  layered 
materials. 

Lanthanum  niobate  (LN),  one  of  the  few  auxetic  [negative  Poisson’s  ratio)  oxides, 
has  been  successfully  synthesized.  It  has  been  very  challenging  to  reproducibly 
synthesize  pure  LN,  but  we  have  done  this  via  a  chemical  synthesis  route  as 
reported  in  the  last  progress  report.  Another  approach  was  successfully  applied  to 
make  LN:  a  mechanical  ball-milling,  calcination  route.  In  this  route,  Nb20s  and  La203 
(made  from  La2Nb0s)  powders  are  mixed  in  a  1:1  molar  ratio.  They  are  then  ball 
milled  with  Zr02  media.  Upon  calcination,  pure  LaNbCU  is  formed.  The  mechanical 
aspect  of  ball  milling  is  a  critical  part  of  the  process.  The  detailed  process  is  given 
below: 

Mechanical  Synthesis 

1)  Mass  8.26g  of  La2NbC>3  and  6.74g  Nb20s  precursor  powders  in  large  weight  boat 

2)  Combine  powders  in  a  250ml  Nalgene  along  with  84  balls  of  1cm  ZrO  grinding 
media(from  HH  375) 

3)  Tape  up  sides  of  the  Nalgene  and  place  on  ball  mill  for  10  hours 

4)  Mass  out  approximately  4g  of  milled  powder  in  a  weight  boat,  and  transfer  to  a 
small  ceramic  crucible  (also  found  in  HH  375) 

5)  Cover  crucible  with  alumina  lid  and  calcine  powder  in  the  small  drop  down 
furnace  at  1200  C  for  14  hours,  using  a  3  C/min  ramp  rate 

6)  Remove  powder  and  grind  with  pestle/mortar 


Figures  9  and  10  show  example  of  the  LaNbCU  powders  made  by  this  process.  They 
were  shown  by  x-ray  diffraction  to  be  single  phase.  A  number  of  experiments  were 
performed  in  which  the  ball  mill  time  and  calcination  time  and  temperature  were 
varied  to  optimize  the  size  of  the  powders. 


Figure  9.  Scanning  electron  micrograph  of  LaNb04  powder  made  by  mixing  for  3  h  and  calcining  at 
1200  °C  for  14  h. 


Figure  10.  Scanning  electron  micrograph  of  LaNbCU  powder  made  by  mixing  for  10  h  and  calcining 
at  1200  °C  for  14  h. 


Composites  containing  varying  amount  of  LN  [0  to  15  percent  by  volume)  were 
made  by  mixing  in  the  powder  prepared  above  (10  h  mill;  1200  °C  calcination  for  14 
h)  with  purchased  10  percent  by  mole  yttria  stabilized  Zr02  (10  YSZ  Tosoh).  The 
composites  were  made  by  cold  pressing  and  then  sintering  at  1550  °C  for  15  h.  An 
example  fracture  surface  is  shown  in  Figure  11.  Some  porosity  is  apparent,  but  it 
appears  minimal.  The  specimens  will  be  cut  into  bars  for  fracture  testing  to 
establish  whether  or  not  the  presence  of  LN  significantly  influence  the  fracture 
toughness. 


Figure  11.  Scanning  electron  micrograph  of  a  15  volume  percent  LaNbCU  -  YSZ  composite,  made  by 
sintering  at  1550  °C  for  15  h. 


